 Low temperature and water stress are two components of cold acclimation in strawberry.  Water stress plays a dominant role in inducing freezing tolerance.  These components can independently induce freezing tolerance and are additive.  These components also induce COR gene orthologs similar to cold acclimation.
these components contribute significantly to the induction of freezing tolerance, water stress is a dominant factor in inducing freezing tolerance, contributing roughly to 56% of freezing tolerance acquired by natural cold acclimation. Typical cold acclimation treatment of plants for 2 weeks indicates the importance of water stress during cold acclimation. Furthermore, both low temperature and water stress independently induced the orthologs of cold-responsive genes, COR47 and COR78, however, stronger expression of these genes was observed in response to cold acclimating conditions. Thus, these results show that both of these factors are essential elements of cold acclimation process and play an important role in inducing freezing tolerance in strawberry plants.
Introduction
Temperate plants have the ability to increase their freezing tolerance in response to acclimating conditions which typically include low temperatures and short days (Howell and Weiser, 1970) . Cold acclimation is a complex process involving many morphological, physiological and biochemical changes (Levitt, 1980; Steponkus, 1984; Guy, 1990 ) including a significant decrease in tissue hydration during cold hardening process (Levitt, 1980) . Dehydration has long been observed during cold hardening in a wide range of both herbaceous as well as woody plant species (Mckenzie et al., 1974; Cox and Levitt, 1976; Guy et al, 1992; Lang et al., 1994) . Nonetheless, it is not clear if water stress induced during cold hardening plays any role in inducing freezing tolerance in plants or whether it is an integral part of typical cold hardening process. Furthermore, there has been an overwhelming evidence that shows water stress alone, in the absence of low temperatures, can induce freezing tolerance in a number of plant species including Arabidopsis, wheat, oats, rye and many others (Chen et al., 1975; Cloutier and Siminovitch, 1982; Cloutier and Andrews, 1984; Lang et al., 1994; Mantyla et al., 1995) . In many cases, water stress was found to be as effective as typical cold acclimating conditions in inducing freezing tolerance Mantyla et al., 1995) .
From these studies, it follows that when plants are subjected to cold acclimation treatment they are likely to experience not only low temperature but also water stress induced by the low temperature. The two components of cold acclimation individually may contribute to the freezing tolerance, but their role is not fully understood and more importantly, they are not recognized as two separate signals that may independently act in inducing freezing tolerance in plants.
This may be, in part, because the two components of cold acclimation are often difficult to distinguish as many of the plant responses to these stimuli are similar .
A review of molecular responses to cold and water stress reveals a number of significant similarities between them. In Arabidopsis, cold-inducible C-repeat binding factor (CBF) genes induce downstream both cold-responsive and drought-responsive genes (Pearce, 1999; Thomashaw, 1999; Shinozaki and Yamaguchi-Shinozaki, 2000) . These target genes are regulated by a cis-acting C-repeat (CRT) or dehydration-responsive element (DRE) in their promoter regions. Both these promoter elements contain a common core motif (A/GCCGAC) which regulates a number of genes that respond to both cold and drought stresses. Furthermore, overexpression of CBF genes in Arabidopsis or their ectopic expression in other plant species is known to confer tolerance to multiple stresses including freezing and drought (Kasuga et al., 1999; Hsieh, 2002a Hsieh, , 2002b .
CBF orthologs have been identified in a number of plant species including both monocots and dicots (Jaglo et al., 2001; Kitashiba et al., 2004; Campoli et al., 2009; Carvallo et al., 2011) and appear to have similar functions as CBFs in inducing stress tolerance in these species. For example, Owens et al. (2002) characterized CBF1 ortholog in strawberry and found that it was upregulated in response to cold acclimation and that an heterologous expression of CBF1 in strawberry significantly increased the leaf freezing tolerance indicating the presence of CBF regulon in strawberry.
The objective of this study was to determine if water stress is an integral and an essential component of cold acclimation in strawberry plants and its possible role in inducing freezing tolerance. In addition, to further characterize the role of the components of cold acclimation, plant responses to low temperature and water stress with regard to the expression of orthologs of cold-responsive genes was examined. In this study, we characterize the role played by typical cold acclimation treatment and its components, namely low temperature and water stress in inducing freezing tolerance in strawberry plants.
Materials and methods

Plant materials and growing conditions
Strawberry (Fragaria X ananassa, cv. Surecrop) plants were grown in 6 1/2-inch pots propagated periodically from mother plants as needed and were allowed to grow under similar conditions. Plants, at least 4 weeks old, were subjected to 3 acclimating conditions, namely, standard cold acclimating conditions (CA-low temperature and short photoperiod ), low temperature (LT-standard acclimating condition minus the accompanying water stress) and water stress at 22 o C. The experiments were conducted using a completely randomized block deign with 3 replications, each containing 3 plants.
Cold acclimation and drought treatments
Plants were subjected to CA by transferring them to a walk-in cold room at 3/1 Plants were acclimated for 2-3 weeks before evaluating for freezing tolerance. Plants were watered as needed, in order to keep the soil moist throughout this period.
To preclude water stress during cold acclimation (LT), plants were maintained under the above acclimating conditions except that the growing medium was maintained at field capacity while the growth chamber was maintained at 100% relative humidity. To maintain the growing medium at field capacity, pots were placed in clear plastic troughs [49 cm (L) x 35 cm (W) x 22 cm (H)] filled with water up to a height of 1 cm. The troughs containing strawberry plants were then placed in a cold room maintained at 3/1 0 C (day/night temeperature) and 100% relative humidity with 9 h photoperiod for 2-3 weeks.
To treat plants with water stress, strawberry plants were grown in 6 1/2-inch pots, each containing approximately the equal amount of soil mix (Metro Mix 350). To induce water stress in the plants, water was withheld from plants for 10 days in a growth chamber set at 22C. The growing conditions were similar to those described above. During this period, leaf water potential was measured daily. Control plants were grown under identical conditions except that they received regular watering (to field capacity) every 2 days.
Water potential measurements
All leaf water potential measurements were made at the same time of the day in both control and water stressed plants and during cold acclimation at 1 h, 2 h, 4 h, 1 day, 2 days, 1 week, and 2 weeks of acclimation. The leaf water potential was measured using a pre-calibrated psychrometer (Model SC 10X, Decagon Device, WA, USA). Mature leaves were collected from the middle of the canopy and leaf disks of 1 cm in diameter were cut and immediately sealed in a stainless steel psychrometer chamber. The water potential was measured in a dew point mode.
The samples were allowed to equilibrate for 30 min and the leaf water potentials were recorded with an X-Y recorder. The water potential of each sample was determined as the average of three samples.
Freezing tolerance evaluations
Freezing tolerance evaluations were conducted using excised leaves. Leaves were placed in test tubes (20 x 2 cm) and transferred to a circulating bath (Forma scientific, OH, USA) at approximately 0C. Samples were nucleated with crushed ice at -1 C and held for 3 h at this temperature to ensure equilibrium freezing. Samples were cooled to -22C at 2C/h and removed at various test temperature to evaluate the freezing injury. The temperature of the samples was monitored by a copper constantan thermocouple and recorded on an Omega chart recorder (Series 500). Samples were allowed to thaw at 3C and their electrolytic leakage was measured. Approximately 20 ml of double-distilled water were added to each test tube and the samples were agitated on an orbital shaker (LAB-LINE Instrument, IL, USA) for 10-12 h at room temperature. Conductance of the leachate was measured with an YSI conductance meter (Model-32, Yellow Spring Instrument Co. Inc., OH, USA). Samples were then autoclaved for 20 minutes at 121C to release the total electrolytes from the sample. The samples were agitated for 10-12 hours again before making the final conductance measurement. The killing temperature was determined based on the electrolyte leakage (Rajashekar et al., 1983) . The experiment was conducted with 3 replications on a completely randomized design.
Gene expression analyses
For DNA and RNA extractions, strawberry leaves (400 mg) were collected, immediately frozen in liquid nitrogen and stored at -70 °C until use. To isolate DNA, frozen leaves were ground into powder in liquid nitrogen. A 3 ml of extraction buffer (2% CTAB, 100 mM Tris pH 8, 20 mM EDTA, 1.4 M NaCl) with 2% PVP and 5% β-mercaptoethanol warmed up to 65°C was added to a mortar and was mixed well. Approximately 1 ml of the homogenate was added to a tube with equal volume of phenol: chloroform and incubated at 65°C for 10 min. Samples were then incubated for 10 min on ice and centrifuged at 8,000 g at 4°C for 10 min. The upper phase of the solution was mixed with equal volume of ice-cold isoproponal and held at -20C for 30 min for DNA precipitation. The solution was centrifuged once again at 17,000 g for 20 min. The white pellet at the bottom was washed with 70% ethanol, dried for 5 min and resuspended with 200 l sterile water. A 5 l of RNase (10 mg/ml) was added to the DNA and stored at -20C until needed.
Total RNA was extracted from the strawberry leaves by using the cetyltrimethylammonium bromide RNA extraction method (Fan et al., 1997) and stored in -70C until use. The RNA blot analyses were conducted following the procedure of Oh et al. (2009) with some modifications.
RNA was subjected to 1% formaldehyde agarose denaturing gel electrophoresis and was subsequently transferred onto a nylon membrane (Sigma, St. Louis, MO, USA) in a 10 x SSC solution. The probes for the Arabidopsis COR gene orthologs, FaCOR47 and FaCOR78, were prepared using the following primers: FaCOR47: 5' TCG AGC GAT GAA GAA GGT GAG G 3' and 5' CTT CCT CTT CAG TGG TCT TGG C 3' and FaCOR78: 5' AGG AGT TGT TTT CCC GGT GGG C 3' and 5' CTG ATG CCT CAC CGT ATC CAG G-3'. These segments were amplified by PCR using strawberry DNA and were labeled with 32 P using the random primer DNA labeling system (Sigma, St. Louis, MO, USA). Following the prehybridization of nylon membranes (1 mM EDTA, 0.5 M phosphates (pH 7.2), and 7% SDS), the labeled probes were hybridized with RNA at 50 o C for 16-18 h in prehybridization buffer solution with 0.9% BSA.
The blots were washed twice with wash solution 1 [1 mM EDTA, 40 mM phosphate buffer (pH 7.2), 5 % SDS] and twice with wash solution 2 [1 mM EDTA, 40 mM phosphate buffer (pH 7.2), 1 % SDS] at 65C for 30 min. They were then exposed in a phosphor-imager cassette at room temperature for 3-5 days and scanned using Image Quant software (Molecular Dynamics Inc., CA, USA).
Results and discussion
Water stress during cold acclimation
Strawberry plants were cold-acclimated at 3/1C with 9 h photoperiod (CA) for 2-3 weeks. Freezing tolerance was evaluated based on the electrolyte leakage test on the leaves. The non-acclimated plants survived approximately -6.7C. With one week of CA treatment, plants showed the largest increase in their freezing tolerance, surviving approximately -20.7C (Fig.   1B ). However, no significant increase in freezing tolerance was observed after 1 week CA treatment.
During the CA treatment, leaf water potentials were measured before and after 1 h, 2 h, 4 h, 1 day, 2 days, 1 week, and 2 weeks of cold acclimation. The results showed there was a significant decrease in the leaf water potential within hours (2-4 h) of exposing the plants to acclimating conditions while the largest decrease occurred after 1 week of cold acclimation (Fig.   1A ). The leaf water potential dropped from approximately -1 MPa to -1.6 MPa after 2 weeks of cold acclimation indicating significant water stress in strawberry plants during cold acclimation.
These observations are consistent with numerous studies demonstrating dehydration during cold acclimation process in a wide ranging plant species (McKenzie et al., 1974; Cox and Levitt, 1976; Lang et al., 1994) . In Arabidopsis seedlings, Lang et al. (1994) showed that low temperature can decrease the plant water potential over a number of days during cold acclimation treatment, but plants tend to recuperate from water stress, if they are transferred to warmer temperature (22 o C) during deacclimation, suggesting that the cold acclimation process is specifically involved in inducing water stress in these plants.
To determine the role played by water stress-induced during cold hardening process in strawberry plants, water stress was precluded by exposing well-watered plants to the above acclimating conditions but at 100% relative humidity (LT). Based on the data on water status in plants, there was no apparent water loss from these plants. In fact, the leaf water potential increased slightly during the 2-week acclimation period (Fig. 1A) . Thus, these plants were exposed to only low temperature without the accompanying water stress typically associated with CA. After 1 week of exposure of plants to low temperature, the plants had acquired the full potential freezing tolerance, just as in the CA treatments. However, the freezing tolerance of plants in response to LT was much lower (-11.7°C) than to a typical CA treatment (Fig. 1C) .
As in the CA treatment, the LT treatment after 1 week did not increase the freezing tolerance of plants. This suggests that water stress induced during CA treatment plays a major role in inducing freezing tolerance in strawberry plants.
Water stress and induction of freezing tolerance
To assess the role played by water stress in inducing freezing tolerance, water stress was induced in strawberry plants by withholding water up to 8-10 days at 22C. Freezing tolerance evaluations were conducted after 6 days and 9 days of water withholding, a period where sharp decrease in leaf water potential from -0.97 MPa to -2.6 MPa was observed ( Fig. 2A) . Water stress induced significant increase in freezing tolerance of strawberry plants. After 6 days of water stress, the freezing tolerance increased by more than 2-fold to -14.2 o C, as leaf water potential began to decrease ( Figs. 2A and 2B) . However, further decrease in water potential after 6 days of water withholding did not affect the freezing tolerance suggesting that the initial water stress was able to induce freezing tolerance. Thus, it is likely that water stress can trigger the cold acclimation process and can independently induce freezing tolerance in plants (Chen and Li, 1978) . Mantyla et al. (1995) compared freezing tolerance in Arabidopsis induced by water stress and cold acclimation treatment and found that water stress alone could induce freezing tolerance to similar levels as the cold acclimation treatment. Similar results were also observed in some cereal crops, while in others water stress was not as efficient as cold acclimating condition, although it could induce significant freezing tolerance Siminovitch and Cloutier, 1982; Andrews 1984) . Our results are consistent with the above findings in which water stress significantly increases freezing tolerance but cannot entirely substitute the CA treatment in inducing full freezing tolerance in strawberry plants. However, considering that water stress is an important component of cold acclimation process and the avoidance of this during cold acclimation can severely hamper the ability of plants to fully cold harden suggests that water stress plays a key role in natural cold acclimation process in strawberry plants (Fig. 1) . Thus, we can conclude that strawberry plants are unable to acquire full freezing tolerance during cold acclimation process without the accompanying water stress.
This may have considerable practical significance in natural cold acclimation of crops under field conditions in that applying excessive or late irrigation to crops in autumn may indeed have a significant adverse impact on their ability to fully cold harden. Figure 3A shows the putative contributions of low temperature and water stress in inducing freezing tolerance in strawberry. The maximum increase in freezing tolerance in strawberry plants was observed in response to CA which reflects the natural cold acclimation process. In response to CA, strawberry plants survived approximately -20.7°C, an increase in freezing tolerance by 14°C relative to the unhardened plants. However, exposure of strawberry plants to water stress increased their freezing tolerance by about 7.5°C while low temperature increased their freezing tolerance by about 5°C suggesting that water stress may play a more dominant role in inducing freezing tolerance than low temperature during natural cold acclimation.
Role of water stress and low temperature in inducing freezing tolerance
Nonetheless, both components of cold acclimation are needed for plants to acquire maximum freezing tolerance and appear to have an additive role in inducing freezing tolerance during cold acclimation (Fig. 3A) .
Expression of orthologs of cold-responsive genes
Expression of the orthologs of COR genes was determined in strawberry plants subjected to CA, LT and water stress to delineate plant responses to these individual components of cold acclimation (Figs. 3B and 3C ). Northern blot analyses were used to characterize the expression of cold-responsive genes including orthologs FaCOR47 and FaCOR78. Both these genes were expressed in response to both CA and LT treatments (Fig. 3C) . The transcript levels increased for FaCOR47 and were the highest after 1 week of CA treatment while, in contrast, in response to LT the transcripts accumulated rapidly, reaching the highest level after 1 hr of the treatment.
Transcripts for FaCOR78 accumulated readily, after 1 h of CA treatment, and were generally more responsive to CA treatment than to LT. Thus, the orthologs of cold-responsive genes, FaCOR47 and FaCOR 78, were expressed in response to both CA and LT in strawberry.
Previous studies have shown the induction of cold-responsive genes in response to cold acclimation and their role in inducing freezing tolerance in wide range of plant species (Guy et al., 1990; Thomashow, 1999) . Furthermore, expression of orhthologs of cold-responsive transcription factors has been observed in a number of plant species including strawberries (Jaglo et al., 2001; Gao et al., 2002; Owens et al., 2002; Dubouzet et al., 2003) , and their role in conferring freezing tolerance in a wide range of plant species appears to be similar to that of well-characterized Arabidopsis cold-responsive genes (Jaglo et al., 2001; Owens et al., 2002) .
In addition to their response to cold acclimation, FaCOR47 and FaCOR78 genes were also expressed in response to water stress in strawberry plants (Fig. 3B) . A large accumulation of transcripts of FaCOR47 occurred after withholding water from plants for 9 days while moderate transcript accumulation for FaCOR78 was noted after 6 days of water withholding. The expression of these genes corresponded to a significant decrease in water potential of leaves ( Fig.   2A ) and also to a significant increase in freezing tolerance (Fig. 2B ).
As water stress appears to be an integral part of cold acclimation, the molecular responses to cold and water stress show a great deal of similarities. In response to cold, both cold-and drought-responsive genes are induced, and the overlapping pathways resulting in tolerances to these stresses have been reviewed by Shinozaki and Yamaguchi-Shinozaki (2000) . The obvious reasons for these similarities is because these genes are regulated a cis-acting C-repeat (CRT) or dehydration-responsive element (DRE) in their promoter regions, both of these contain a common core motif and are, therefore, activated in response both cold and water stress (Yamaguchi-Shinozaki and Shinozaki, 1994) . As typical cold acclimation involves both low temperatures and water stress, it is likely that we observe an overlap or similarities in their responses to these environmental cues. The similarities in plants' response to freezing stress and water stress are supported by the studies from Haake et al. (2002) who identified a CBF homolog, CBF4, which responds to only water stress but its overexpression resulted in upregulation of both cold and drought-responsive genes leading to increase in tolerance to both freezing and drought. Also, several previous studies have demonstrated that the overexpression of cold-responsive transcription factors, CBFs or CBF orthlogs, leads to the expression of cold and drought inducible genes, resulting in an increased tolerance to both freezing and drought (Liu et al., 1998; Kasuga et al., 1999; Dubouzet et al., 2003) . All these studies point to similarities in plants' responses to cold and drought, which may arise from the fact that cold acclimation process incorporates both low temperature and water stress. Strawberry plants can respond to these cues independently while their response is somewhat similar.
Conclusions
In summary, we have examined two primary components of cold acclimation in strawberry, namely low temperature and the resulting water stress in the plants. Both of these components contribute to the induction of freezing tolerance during cold acclimation. However, the major component is the water stress during cold acclimation, which can induce significant level of freezing tolerance in strawberry. Indeed, both water stress and low temperature resulted in the expression of COR47, and COR78 orthologs in strawberry, suggesting that both of these factors may have similar, but additive effect on freezing tolerance. However, these two components of cold acclimation can independently induce similar molecular responses in strawberry. C (day/night temperature) with a 9-h photoperiod for a 2-week period. B-Changes in leaf water potential in response to low temperature without the accompanying water stress (open circle). The growing conditions are identical to those in the cold acclimation treatment outlined above with the exception of the avoidance of the accompanying water stress by growing the plants at 100% relative humidity and with soil moisture kept at field capacity. B-Changes in freezing tolerance in response to typical cold acclimation treatment. C-Changes in freezing tolerance in response to low temperature without the accompanying water stress. Values represent mean with SD (n =3). Freezing tolerance increase after 1 or 2 weeks of CA or LT treatment was significant compared to control ( t test, p = 0.01). A-Contribution to freezing tolerance in strawberry plants due to low temperature without water stress (LT), water stress (WS), and cold acclimation (CA). B-Expression of orthologs of coldresponsive genes in response to water stress over a 9-day period. Water stress was imposed as described in fig. 2A . C-Expression of orthologs of cold-responsive genes in response to cold acclimation (CA) and low temperature without the accompanying water stress (LT) over a period of
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